Abstract Bicuspid aortic valve (BAV) is the most common congenital heart defect and falls in the spectrum of left-sided heart defects, also known as left ventricular outflow tract obstructive (LVOTO) defects. BAV is often identified in otherwise healthy, asymptomatic individuals, but it is associated with serious long term health risks including progressive aortic valve disease (stenosis or regurgitation) and thoracic aortic aneurysm and dissection. BAVand other LVOTO defects have high heritability. Although recommendations for cardiac screening of BAV in at-risk relatives exist, there are no standard guidelines for providing genetic counseling to patients and families with BAV. This review describes current knowledge of BAVand associated aortopathy and provides guidance to genetic counselors involved in the care of patients and families with these malformations. The heritability of BAV and recommendations for screening are highlighted. While this review focuses specifically on BAV, the principles are applicable to counseling needs for other LVOTO defects.
Introduction
Bicuspid aortic valve (BAV) is the most common congenital heart defect (CHD) with an estimated prevalence of 0.5-2 % in the general population (Braverman et al. 2005; Roberts 1970; Steinberger et al. 2000) . BAV describes an aortic valve with two leaflets instead of the normal three. It is a phenotypically heterogeneous malformation with significant variability in fusion patterns (Angelini et al. 1989) . There is evidence that BAV results from abnormal fusion during embryonic development (Sans-Coma et al. 1996) , but knowledge regarding the specific initiating mechanisms is incomplete. For an extensive review of embryology, morphology, medical management, and imaging information beyond the scope of this review, refer to Braverman et al. (2005) .
BAV falls in the spectrum of left-sided heart defects, also known as left ventricular outflow tract obstructive (LVOTO) defects. LVOTO defects comprise a class of cardiac malformations typified by stenotic lesions beginning in the left heart chamber extending out to the descending aortic arch. The LVOTO spectrum includes: mitral valve abnormalities, aortic stenosis (valvar, subvalvar, and supravalvar), BAV, coarctation of the aorta, Shone's complex and hypoplastic left heart (HLHS) (Aboulhosn and Child 2006; McBride et al. 2005) . LVOTO defects account for 15-20 % of all CHDs and have wide clinical and anatomic heterogeneity.
BAV is often identified incidentally in otherwise healthy, asymptomatic patients, but it is associated with serious long term health risks. For example, aortic valve and ascending aortic complications occur in approximately 35 % of individuals, many of whom require life-saving surgical management (Lewin and Otto 2005; Vallely et al. 2008; Ward 2000) . Given its prevalence, and the fact that significant complications occur in over one-third of cases, BAV has high morbidity (Siu and Silversides 2010; Ward 2000) . BAV often co-occurs with other CHDs and >50 % of people with coarctation of the aorta have BAV (Roos-Hesselink et al. 2003) .
While BAV is often found in non-syndromic individuals, it also can be a feature of connective tissue disorders (e.g. Marfan, Loeys-Dietz, and vascular Ehlers-Danlos syndromes) and other syndromes such as Turner and Williams syndromes. BAV was historically assumed to be a sporadic malformation, but reports of familial clustering (Brown et al. 2003; Gale et al. 1977) are consistent with an autosomal dominant inheritance pattern with incomplete penetrance and variable expressivity (Braverman et al. 2005; Huntington et al. 1997) . Both BAV and other LVOTO defects have relatively high heritability estimates McBride et al. 2005) . Because of the recognition of increased heritability, consensus guidelines recommend the screening of first-degree relatives (Nishimura et al. 2014 ).
An important goal of cardiovascular genetics is to identify at-risk asymptomatic family members through screening in order to reduce the risk of morbidity and mortality. To date, there is a gap in the genetic counseling literature related to BAV. In this review, we highlight the genetics, heritability, and family screening recommendations for BAV and other LVOTO defects. Our goal is to introduce these concepts to a wider audience and advocate for family screening for all cases of BAV (and LVOTO defects).
BAV, LVOTO, and Heritability
Heritability estimates for BAV and other LVOTO defects range from approximately 0.7 to 0.9, indicating a strong genetic component to the development of this malformation (Cripe et al. 2004; Glick and Roberts 1994; Hinton et al. 2007; Huntington et al. 1997; Lewin et al. 2004; Lewin and Otto 2005; McBride et al. 2005) .
When LVOTO defects are identified in a proband, the likelihood of finding LVOTO spectrum defects, including BAV, in family members is high, and recurrence risk of the same cardiovascular malformation or other LVOTO defects ranges from 8 to 22 %, depending on the lesion present in the proband McBride et al. 2005) . In a recent study of 249 firstdegree relatives of patients with an LVOTO defect, 8 % had a cardiac defect; of these, 68 % had BAV (Kerstjens-Frederikse et al. 2011) . More specifically, when BAV is identified in a proband, screening identifies BAV in a first-degree family member in 9 % of these individuals (Huntington et al. 1997) . Additionally, BAV has been observed in case reports of monozygotic twins (Brown et al. 2003; Godden et al. 1987) .
BAV Associations and Aortic Aneurysm/Dissection
There is an increased risk of thoracic aortic aneurysm and dissection (TAAD) in patients with BAV relative to those with three-leaflet aortic valves. As many as 75 % or more of patients with BAV will develop thoracic aortic aneurysm (TAA) (Tadros et al. 2009 ). Mild ascending aortic dilatation presenting in middle to older age is the most common dilation pattern seen in patients with BAV. Although less common, aortic root dilatation in the presence of BAV can be seen and has been correlated with younger age of onset and male sex (Della Corte et al. 2007) . There is likely a developmental basis for this association, which may be related to a common neural crest cell defect as the cusps of the aortic valve and arterial media of the aortic arch are derived from neural crest cells (Hinton 2012; Schievink and Mokri 1995) . Michelena et al. (2008) found that among 212 young patients with normally functioning or minimally dysfunctional BAV, 30 % developed TAA over a mean follow-up period of 10 years. Co-existence of TAA and normally functioning BAV supports the theory that developmental mechanisms are more significant than hemodynamic disturbances, but the precise mechanisms have not been established. In relatives of patients with BAV, ascending aortic dilation was observed in 35 % of individuals with or without BAV (Loscalzo et al. 2007 ). Biner et al. (2009) , documented that aortic root dilation is relatively prevalent (32 %) in first-degree relatives of BAV patients. Again, aortic root dilation was also present in relatives with threeleaflet aortic valve morphology. These observations are consistent with the theory that BAV and TAA are both manifestations of a common developmental abnormality of the aorta (Biner et al. 2009 ).
TAA in the presence of BAV poses a risk for aortic dissection. In an early study, BAV was associated with approximately 6 % lifetime risk of thoracic aortic dissection, a nine-fold increased risk compared to the general population (Edwards et al. 1978) . Increased risk of dissection associated with BAV may be due to higher prevalence and rate of aortic dilation, which occurs at a significantly younger age than idiopathic TAA (Davies et al. 2007; Edwards et al. 1978; La Canna et al. 2006 ). Long-term cardiac care aims to prevent TAA progression and dissection using medical therapy, such as beta blockers, and exercise and activity restrictions. Progression of aortic dilation and valve function are serially monitored with cardiac imaging modalities such as echocardiography, computerized tomography (CT scan) and/or cardiac magnetic resonance imaging (MRI). There are established guidelines recommending aortic size thresholds for prophylactic aortic replacement surgery in asymptomatic patients indicating that aortic replacement is warranted in patients with BAV when the aortic diameter is 5.5 cm or greater (Hiratzka et al. 2010) . However, there has been recent discussion of whether aortic replacement should be performed simultaneously in patients with BAV and smaller aortic diameters who are already undergoing aortic valve replacement or who have additional risk factors such as a rapidly dilating aorta (>0.5 cm per year) or family history of aortic dissection (Hiratzka et al. 2016 ).
Genetic Counseling and Family Screening Recommendations
Genetic counseling is an essential component of the genetic evaluation for patients with CHDs, including BAV and other left-sided heart defects. Genetic counseling helps patients understand the developmental basis of their cardiac defect(s), screening recommendations for themselves and other family members, recurrence risks, and extra-cardiac features of disease that may require additional management and/or treatment. Additionally, genetic counselors can provide psychosocial support and resources to patients and families with CHDs. As roles of genetic counselors continue to expand, these professionals should be seen as valuable assets in comprehensive care models for the CHD patient population.
In the case of non-syndromic BAV and other LVOTO defects, guidelines are available that endorse family screening. First-degree relatives of patients with a bicuspid aortic valve, premature onset of thoracic aortic disease with minimal risk factors, and/or familial form of thoracic aortic aneurysm and dissection should be evaluated for the presence of a bicuspid aortic valve and asymptomatic thoracic aortic disease (Hiratzka et al. 2010 (Hiratzka et al. ) (p. 1555 ).
This recommendation is based on the principle that detection of sub-clinical BAV allows for additional observation and intervention that could prevent long-term complications associated with aortic stenosis, aortic aneurysm, and dissection. Specific intervals at which this screening should occur to address the risk of BAV-associated aortic dilation have not been delineated in the recommendations.
Echocardiography has excellent sensitivity detecting 92-96 % of cases of BAV (Siu and Silversides 2010) while physical exam alone only detects 50 % of cases (Nistri et al. 2005) . These guidelines are even more pertinent considering studies by Biner et al. (2009) and Loscalzo et al. (2007) showing that aortic aneurysm can be identified in family members of BAV patients (even though they might have normal three-leaflet valve morphology). There is also an increased incidence of BAV in relatives of patients with other LVOTO defects, and screening of first-degree family members has been recommended in these cases (Kerstjens-Frederikse et al. 2011; McBride et al. 2005) .
Recurrence risk estimates can be of particular concern for families of patients with CHD when considering future family planning. Recurrence risk for LVOTO defects in first-degree family members can be stratified by taking lesion and relation to the affected family member into consideration (Cowan and Ware 2015) . Confirmation of syndromic vs. non-syndromic disease can also help to refine recurrence risk. Non-syndromic BAV has been reported to have a recurrence risk ranging from 1 to 5 % for first-degree family members (Swain 2011) . Others have estimated this risk as high as 9 % (Huntington et al. 1997) . A more recent study found a recurrence risk in the siblings of BAV probands to be 10.1 % (Hales and Mahle 2014). Cowan and Ware (2015) include a list of recurrence risk for various CHDs, including known data for LVOTO defects (Cowan and Ware 2015) . However, specific recurrence risk data may not be available for some lesions. Recording a thorough three-to four-generation pedigree with specific focus on LVOTO defects will also help to elucidate the specific risks to the family member(s) in question. The increased risk of BAV and LVOTO defects in other family members should also be discussed in conjunction with relevant first-degree family screening recommendations.
Special consideration should be taken when counseling a woman with BAV in a prenatal setting. The ACC/AHA adult congenital heart disease guidelines, valvar heart disease guidelines and European Society of Cardiology guidelines recommend preconception counseling and discussion of contraceptive options for women with BAV. During pregnancy, changes in hemodynamics as well as changes in the aortic media, put women with BAV with or without significant aortic stenosis and/or dilated aortic roots at risk for complications. Potential risks that should be discussed include progressive aortic enlargement or dissection, and complications of aortic stenosis and/or aortic regurgitation, heart failure or delivery complications. Echocardiogram before and during pregnancy to monitor ascending aorta dilation is recommended (Hiratzka et al. 2010 ACC/AHA Guidelines) as well as consideration for prophylactic aortic repair if the aortic diameter is >4.0 cm for women planning a future pregnancy. Although the risk for complication is low during pregnancy for women with BAV, they should still be counseled regarding potential risks and treatment prior to and during pregnancy (McKellar et al. 2011 ).
Molecular Genetics of BAV: Implications for Genetic Testing
Cardiac valve morphogenesis is a process involving multiple signaling pathways including, but not limited to, members of the TGF-β superfamily, VEGF, Notch, Wnt/β-catenin, Tbx20, and Gata4 (Chakraborty et al. 2010; Laforest and Nemer 2012) . Several other genes have been implicated in BAV development, including genes involved in connective tissue disorders, cell signaling, and the extra-cellular matrix. It is likely that perturbations in several of these pathways contribute to BAV, and mouse studies are providing insight into new BAV candidate genes (Chakraborty et al. 2010; Laforest and Nemer 2012) . For an in-depth review of the molecular genetic basis of BAV development, refer to Padang et al. (2013) . Despite this increased understanding of BAV heritability, few genes have been directly linked to BAV development. Martin et al. (2007) determined linkage to three chromosomal regions, 18q, 5q, and 13q. Only NOTCH1, located at 9q34.3, has been associated with non-syndromic BAV in a limited number of familial cases and about 4 % of sporadic cases (Garg et al. 2005; McKellar et al. 2007; Mohamed et al. 2006) .
Recently, Pepe et al. (2014) identified FBN1 mutations in two patients with BAV and aortic root dilation with variable Marfan phenotypes. This suggested that some patients with BAV could have FBN1 mutations with a milder connective tissue disorder phenotype warranting evaluation by a clinical geneticist (Pepe et al. 2014) . Additionally, a loss-of-function mutation in NKX2-5 (at 5q34) was recently associated with familial, isolated BAV in a Han Chinese family (Qu et al. 2014) . Other genes that have been implicated in isolated BAV or BAV with TAAD include ACTA2, TGFB2, SMAD6, and GATA5 (Bonachea et al. 2014; Guo et al. 2007; Laforest and Nemer 2012; Lindsay et al. 2012; Tan et al. 2012 ). More research is needed to estimate how frequently BAV is associated with variants in these genes. Table 1 lists genes currently known to be associated with syndromic and non-syndromic BAV (with or without TAAD).
Genetic testing for isolated BAV may not have a high yield even in familial cases, most likely due to an incomplete understanding of BAV development. Foffa et al. (2013) identified mutations in NOTCH1 in a small cohort of 11 patients with familial BAV (defined as 2 or more affected family members) but did not identify mutations in GATA5, TGFBR1 or TGFBR2 (other genes with hypothesized roles in isolated BAV). Likewise, Arrington et al. (2008) did not identify TGFBR1 or TGFBR2 mutations in slightly larger cohort of 35 patients with BAV. More recently, NOTCH1 mutations have been found in 7 % of familial left-sided heart defects compared to 1 % of sporadic cases (Kerstjens-Frederikse et al. 2016 ). Thus, current clinical genetic testing for apparently isolated BAV has low yield at present, but could be considered for particularly motivated families or those with striking family histories of BAV or other LVOTO defects. The presence of BAV in the patient with aortic dilation should not preclude a provider from ordering genetic testing for TAAD. Several commercial laboratories currently offer next-generation sequencing panels for TAAD which include the NOTCH1, TGFB2, and ACTA2 genes (in addition to other genes associated with TAAD and connective tissue disorders). Mutations in NOTCH1 have been reported in patients with BAV and aortic dilation (McKellar et al. 2007; Proost et al. 2015) . Given the relative cost-effectiveness of multi-gene panels and low yield of single gene sequencing, a larger TAAD panel could be considered over single-gene sequencing for patients with BAV and aortic dilation. Figure 1 outlines an algorithm for considering molecular and/or cytogenetic testing for BAV cases. Last, pre-test genetic counseling is critical for all patients undergoing genetic testing. It has particular importance for individuals with BAV or TAAD who have low to moderate Ghent or Beighton scores for syndromic connective tissue disorders. Discussion with the patient should include the possibility of significant changes to medical management should genetic testing confirm a syndromic diagnosis. Of particular concern are the recommendations for surgical intervention at smaller aortic diameters in certain syndromic conditions as well as additional management or surveillance recommendations.
Discussion
The goal of this review is to provide an overview of the current knowledge about BAVand aortopathy, associated health risks, and updates regarding heritability and family screening recommendations. There is increased recognition of the importance of family history and family screening for BAV and LVOTO defects that is reflected by the recommendation by the ACC/AHA that first-degree family members of BAV patients should be screened for BAV as well (Hiratzka et al. 2010) . As outlined in this review, BAV is associated with a number of long-term health risks if not identified early and managed appropriately. Given the lack of clear recommendations as to when cardiac screening should begin or at what intervals should be repeated for BAV and other LVOTO defects, close communication between genetics and cardiology providers will be crucial to developing an individualized care plan for each affected individual and at-risk family members based on family history of specific left-sided lesions (McBride and Garg 2011) . The yield of current molecular genetic testing for isolated BAV is low, despite an understanding of its heritability.
Identifying at-risk family members and facilitating family screening is paramount to reducing the long-term morbidity and mortality associated with inherited LVOTOs. Genetic counselors are primed to be key players for addressing these issues given their skills and training to collect and interpret family history and provide family risk assessment. In addition, genetic counselors can address the unique psychosocial concerns present in many families with inherited cardiovascular conditions by promoting psychological wellbeing through health education and emotional support (Davey et al. 2005) .
Given the prevalence of BAV in the general population, the recommendations for health supervision and family screening should not fall only under the purview of the specialist cardiovascular genetic counselor. We would advocate that all genetic counselors, geneticists, cardiologists, or others involved in the care of the cardiogenetics patient should have a working knowledge of the health risks associated with BAV and other LVOTOs as well as the relevant screening recommendations for affected individuals and at risk family members.
Conclusions & Practice Implications
Genetic counselors should be aware of the heritability and family screening recommendations for BAV and be prepared to discuss the following information with patients/families: & High heritability of BAV (and the limited molecular genetic testing options currently available for isolated BAV) & Associations of BAV with other syndromes and connective tissue disorders, recognizing the necessity for evaluation by a clinical geneticist for diagnosis, accurate recurrence risk information, and relevant family screening recommendations & Recommendation for echocardiography screening of firstdegree relatives of someone with BAV; refer to Fig. 1 for a proposed clinical algorithm for genetic counselors working with BAV patients & Provision of recurrence risk information: the BAV recurrence risk to first-degree relatives has been previously estimated up to 10 % (Hales and Mahle 2014; Huntington et al. 1997) Genetic counselors can serve as a bridge between genetics and cardiology providers and should promote communication between specialties regarding the care of the BAV/LVOTO defects patient and family. Genetic counselors can also encourage cardiologists and geneticists alike to rely on published health surveillance guidelines for BAV and LVOTO defects when discussing care plans with affected individuals and atrisk family members (Hiratzka et al. 2010) . Conversations with families affected by BAV and other LVOTO defects may prove to be complex depending on the personal/family history as well as the indication for genetic counseling. Patients with BAV provide collaborative opportunities for genetics and cardiology professionals to provide better multidisciplinary care addressing both individual and familial healthcare needs.
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